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Value of statistical lifeSince 2000, the government in Shanxi province hasmounted several initiatives andmandated factory shutdowns
with the goal of reducing coal burning emissions and the environmental impacts of industrialization. We
estimated the health beneﬁts associated with air quality improvement from 2001 to 2010 in Taiyuan, Shanxi
Province, using disability-adjusted life years (DALYs) andmonetized the health beneﬁts using value of statistical
life (VOSL). Data were collected on annual average concentrations of particulate matter less than 10 μm in aero-
dynamic diameter (PM10) and relevant health outcomes in Taiyuan from 2001 to 2010. Selected exposure–
response functions were used to calculate the cases of death or disease attributable to PM10 annually over a
10-year period. These were summed to calculate the DALYs lost and their monetary value associated with
PM10 each year between 2001 and 2010. Air quality improvement from 2001 to 2010 was estimated to
have prevented 2810 premature deaths, 951 new cases of chronic bronchitis, 141,457 cases of outpatient
visits, 969 cases of emergency-room visits and 31,810 cases of hospital admissions. The DALYs (VOSL) de-
creased by 56.92% (52.68%) from 52,937 (7274 million Yuan) in 2001 to 22,807 (3442 million Yuan) in 2010.
Premature deaths accounted for almost 95% of the total DALYs. Our analysis demonstrates that air pollution
abatement during the last decade in Taiyuan has generated substantial health beneﬁts.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The World Health Organization (WHO) has identiﬁed ambient air
pollution as a high priority in its global burden of disease (GBD) initiative,
estimating that air pollution is responsible for 1.4% of all deaths and 0.8%
of disability-adjusted life years (DALYs) globally (Anon, 2002). Several
epidemiological studies have shown that chronic exposure to PM10 and
PM2.5 increases risk of cardiovascular and respiratory diseases (Zhang
et al., 2014), as well as lung cancer (Anon, 2011a; Raaschou-Nielsen
et al., 2013).
Taiyuan, the capital of Shanxi Province, is one of themajor centers in
China for energy production and chemical and metallurgical industries.
The production of coal reached about 34 million tons in 2003, accounting
for 2.5% of the total coal production in China (Anon, 2004a). The annual
coal consumption in Shanxi Province was around 25 million tons in
2003 (Anon, 2004b). From 1978 to 2002, rates of energy consumption
grew at a slower rate than GDP in China. However, beginning in 20011 212 305 0596.
@fudan.edu.cn (H. Kan).
hors should be regarded as joint
. This is an open access article underwith China's entry into the World Trade Organization, intense economic
development in Taiyuan resulted in deteriorated air quality and increases
in air pollutants, such as particulate matter (PM), sulfur dioxide (SO2),
nitrogen dioxide (NO2), carbon monoxide (CO), and ozone (O3) (Zhang
et al., 2011). Numerous studies have demonstrated that poor air quality
adversely impacts human health (Anon, 2011b; Perera et al., 2008;
Tang et al., 2006) and causes signiﬁcant economic loss (Pérez et al.,
2009; Ragas et al., 2011). From 2003 to 2005, Shanxi province was
home to one of themost polluted cities in China, according to the ranking
of the air pollution index documented under the national surveillance of
environmental protection (Anon, 2003a). Shanxi province also had very
high total energy consumption, and energy intensity of the regional
domestic product (RDP) was 2.4 times higher than the national average,
contributing to a very low efﬁciency of energy (Zhang et al., 2011).
Regulations for greater air pollution control were launched in
2003, with implementation of industrial restructuring by the Shanxi
Provincial Government (Anon, 2003b). This policy was followed by
additional regulations regarding audits to investigate and reduce
the consumption of energy and the use and production of toxic and
hazardous materials (Anon, 2003b, 2005a). The State Council
approved the National Tenth Five-Year Plan for Environmental
Protection in 2001, which implemented regulations emphasizingthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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(Zhang and Wen, 2008). Throughout the 10th Five Year Plan period
from 2001 to 2006, mainly the cities of Taiyuan, Datong, and
Yangquan participated in emission abatement actions through use of
clean fuel, district heating, and elimination of some boilers. However,
the goals for this period were largely unmet (Anon, 2005a). Therefore,
in 2005, the Chinese government set targets for energy efﬁciency for
the 11th Five Year Plan (2006–2010) to reduce energy intensity of the
economy by 20%. In 2006, the State Council published a Decision on
Strengthening Energy Conservation, which disaggregated provincial
energy-saving targets into goals for each city. Starting in November
2006, the Shanxi government made various efforts to reduce air pol-
lution, including issuing government orders, auditing companies with
high production of toxic and hazardous materials, and establishing su-
pervisionmeasures for the government's administrative role in environ-
mental protection. From 2006 to 2010, the Shanxi Provincial
Government focused on environmental protection in densely popu-
lated areas with more environmental problems, releasing a series
of government orders setting pollutant emission standards for coal,
thermal power, metallurgical, chemical, coking, construction and
paper industries, planning tasks for environmental protection safe-
guards (Anon, 2006a), and introducing a new energy industrial ground-
work to improve resource utilization and reduce pollutant emissions
(Anon, 2006b). These orders were implemented the following year. In
2008, the Shanxi government issued a notice of implementation of envi-
ronmental protection enforcement directed to all levels of government,
detailing a comprehensive list of actions to determine the number of in-
dustries and the pollutant emissions from each facility, and status of com-
pliance with environmental laws.
Several studies have estimated the health damage due to air pollution
both in health and monetary terms (Kan and Chen, 2004; Kan et al.,
2004). For example, in Tianjin, China, the total economic cost associated
with air pollution was estimated to be US$1.1 billion, about 3.7% of
Tianjin's gross domestic product (GDP) in 2003 (Zhou and Tol, 2005).
In Beijing, the economic costs of air pollution-relatedhealth effects during
the 5 years between 2000 and 2004 were estimated to be between US
$1670 million and $3655 million annually, accounting for about 6.55%
of Beijing's GDP each year (Zhang et al., 2007).
DALYswere developed in the 1990s for the Global Burden of Disease
(GBD) study. DALYs are a summary “health gap” indicator of the loss of
healthy years of life. One DALY indicates one lost healthy year due to
premature mortality or disability (Murray and Lopez, 1996a,b). Health
gap indicators are additive across a set of disease or injury categories
(Mathers et al., 2006). DALYs therefore provide an aggregate measure
that integrates all air pollution-related health effects (Yang et al., 2013).
The monetized beneﬁt of reduced mortality risk is captured in the
concept of VOSL, which is a summary measure of the willingness-to-
pay (WTP) for a mortality risk reduction, and a key input into the
calculation of the beneﬁts of policies or projects that affect mortality
risk or excess death (Svensson, 2009). The objective of the present
study was to estimate the health beneﬁts associated with air quality
improvement from 2001 to 2010 in Taiyuan using DALYs and VOSL.2. Methods
We selected the city of Taiyuan in Shanxi Province as a case study
because it is home to numerous industrial enterprises for energy,
heavy, and chemical industries. The total population of Taiyuan
in 2000 was 3.344 million people, with a population density of
479 person/km2. As of 2005, there were 2,570,000 registered citizens
of Taiyuan (Anon, 2009). The municipality of Taiyuan is 6988 km2.
Taiyuan has a forest area of 146,700 ha. and total grassland area of
422.5 km2 (Anon, 2007). The birth rate is 8.05 births/1000 people. In
2008, the GDP was 1468.09 renminbi (RMB) per capita and the aver-
age income was 15,230 RMB.2.1. Air quality
Ambient air pollution consists of a mix of various pollutants
(e.g., PM, SO2, NO2, CO, andO3). Because these pollutants are closely cor-
related, it is impossible to attribute the observed health effects to any
one speciﬁc pollutant. The problem of “double counting” occurs when
the health effects associated with multiple pollutants are summed.
Consistent with most previous studies conducted in the developing
world, we selected PM as the indicator of the air pollution mixture
because numerous epidemiological studies have demonstrated that
PM exerts themost signiﬁcant adverse health effects among the various
pollutants (Pope and Dockery, 2006). PM10 is used in this study instead
of PM2.5, as PM2.5 has only recently emerged as a routinely monitored
air pollutant in Taiyuan as in most Chinese cities. Therefore much of
the retrospective data available are on PM10. The annual average PM10
concentrations used in this analysis represent the average of the levels
monitored by all 8 urban stations in Taiyuan, China, including the Jianhe,
Jiancaoping, Jinsheng, Nanzhai, Taoyuan, Wucheng, Xiaodian, and
Jinyuan districts (Anon, 2009).
2.2. Health outcomes
We selected the health endpoints according to the following criteria:
1) the health outcome had been found in other studies to be signiﬁcantly
associated with particulate air pollution; 2) the corresponding
exposure–response coefﬁcient was available in single-pollutant
models; 3) the incidence rate in the population was available; and
4) the DALYs and VOSL could be quantiﬁed. As others have done to
estimate health effects, we relied ﬁrst on local health data for Taiyuan. If
local data were not available for Shanxi Province, national data were
used. Speciﬁcally, the size of the urban population was drawn from the
China Urban Construction Statistical Yearbook (Anon, 2001–2010a),
crude mortality rates were taken from the Statistic Bulletin of the
National Economy, Social Development in Taiyuan City (Anon, 2001–
2010b), incidence rates of chronic bronchitis were obtained from the
World Bank (Anon, 2007), outpatient and emergency room visits were
obtained from China Health Statistical Yearbooks (Fuhlbrigge et al.,
2001), and hospital admission data were obtained from Shanxi Health
Yearbooks (Anon, 2001–2010c).
After considerable literature review in this area, data collection was
performed by two independent data operators. All input data were
double-checked by a third operator.
2.3. Estimation of health effects
To develop estimates of public health impacts of air pollution,
we relied on published studies on air pollution and health using
concentration–response (C–R) coefﬁcients derived from studies in
China and worldwide (Cao et al., 2009; Chen et al., 2010; Jing, 2000;
Ma, 1992; Pope et al., 2002). Since most of the epidemiologic studies
linking air pollution and health endpoints were based on a relative
risk model in the form of Poisson regression, the excess cases at a
given concentration C can be given by:
E ¼ exp β C−C0ð Þ½   E0 ð1Þ
(Zhang et al., 2006a)where C and C0 are the actual concentration and
the assumed threshold level, respectively, and E and E0 are the
corresponding health effects at the concentrations of C and C0. β is
the coefﬁcient of the exposure–response (C–R) function between
PM10 and the health outcome. E is the product of the size of the exposed
population and the incidence rate of a health endpoint.
The national annual standard concentration of PM10 (40 μg/m3) was
selected as the annual threshold level as it is the primary standard of the
Chinese National Standard. The annual average PM10 concentration
(C) was based on air monitoring data from the 8 stations in Taiyuan.
Table 2
Value of DALYs per 10,000 cases due to air pollution (Lvovsky andMaddison, 2000).
Health Endpoints DALYs per 10,000 cases
Premature death 100,000
Chronic bronchitis 12,037
Outpatient visit 3
Emergency room visit 3
Hospital admission 264
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rived from available epidemiologic studies and were used to quantify
the health effects of outdoor air pollution. The C–R coefﬁcients from
peer-reviewed Chinese studies (Jing, 2000; Ma, 1992) were preferred
whenever they were available. These studies were published in the
Chinese Journal of Public Health and Journal of Environment andHealth,
a core journal in China and the only environmental health professional
academic journal, respectively. Therefore, these studies provide reliable
data for our selectedC–R functions. Further, if therewere several studies
describing the C–R coefﬁcients for the same health endpoint, we used
the combined estimates derived from a simple meta-analysis. Table 1
summarizes the PM10 C–R coefﬁcients of the selected health outcomes
used in the analysis.
E− E0 is the attributable number of cases due to PM10. Asmentioned,
using the number for size of the exposed population, mortality, and
incidence rates (β, C, and C0), we calculated the number of excess
cases attributable to PM10 in Taiyuan each year from 2001 to 2010.
2.4. Estimation of DALYs and VOSL due to ambient air pollution
The adopted approach was recommended by the World Bank
(Lvovsky and Maddison, 2000). For mortality due to air pollution, 10
DALYs are attributed to each death (Lvovsky and Maddison, 2000).
The morbidity estimates were converted to DALYs as recommended
by the World Bank (Lvovsky and Maddison, 2000) (Table 2 provides
the conversion factors).
Since therewere no data onVOSL in Taiyuan, thevalue at the national
level was obtained from literature in China in 2008, indicating that a life-
year-loss associatedwith air pollution in 2008was 1.59million RMB (Xu,
2013). The VOSL is linear to the logarithmic annual per-capita income.
We calculated the VOSL of the other years according to the annual per-
capita income in the corresponding year, which was obtained from
China Urban Life and Price Yearbook (Brunekreef and Holgate, 2002).
3. Results
3.1. Health effects due to PM10
Taiyuan was found to be one of the most polluted cities in China,
which was a result of the outdated industrial plants within the Shanxi
Province and the lack of government regulation. As a result, a series
of proposals were issued by the local county authorities, as well as
city ofﬁcials in Taiyuan, designating more responsibilities to local
jurisdictions to oversee and audit companies for compliance to new
laws mandating cleaner production processes. A list of some essential
directives to mitigate the effects of industrial pollutants during the
past decade is given in Fig. 1.
The annual average PM10 concentrations decreased from 196 μg/m3
in 2001 to 89 μg/m3 in 2010 (Anon, 2009) (Table 3).
Using Eq. (1), the attributable number of cases due to particulate air
pollution of Taiyuan every year from 2001 to 2010 was estimated as
shown in Table 3.Table 1
C–R coefﬁcients for various health endpoints.
Health endpoints The PM10 C–R Coefﬁcients (β) References
Premature death 0.0043 Pope et al. (2002)
Chronic bronchitis 0.0045 Ma (1992)
Jing (2000)
Outpatient visit 0.0011 Cao et al. (2009)
Emergency room visit 0.0001 Cao et al. (2009)
Hospital admission 0.0018 Chen et al. (2010)
β refers to the increase in the incidence of the respective health endpoints (%) corresponding
to a 1 μg/m3 increase in PM10.From 2001–2010, there was a generally decreasing trend in the at-
tributed number of cases due to PM10 in Taiyuan. In 2001, it was
estimated that the health loss associated with PM10 in Taiyuan included
4948 premature deaths, 1786 new cases of chronic bronchitis,
275,292 cases of outpatient visits, 1798 cases of emergency-room
visits, and46,247 cases of total hospital admissions. In 2010, the estimates
decreased to 2138premature deaths, 835 newcases of chronic bronchitis,
133,835 cases of outpatient visits, 829 cases of emergency-room visits,
and 14,437 cases of total hospital admissions. It should be noted that
the size of the exposed population and the crude mortality rates might
vary by year, affecting the annual effect estimates of air pollution. The
higher mortality rates in 2003 and 2009 were likely due to the
SARS epidemic (Koplan et al., 2013; Qin et al., 2005) and the H1N1
pandemic (Dawood et al., 2012; Yang et al., 2012; Yu et al., 2013),
respectively, and contributed to the higher estimates of deaths and
cases of illness in 2004 and 2009.
3.2. DALYs and VOSL due to PM10
Using the unit values (described in detail in Table 1) and quantiﬁed
health effects, we computed the corresponding annual DALYs over the
ten-year period (Table 4). Total DALYs as shown inTable 4 are the product
of unit values described in Table 2 and the attributed cases from Table 3.
The total DALYs associated with air pollution in Taiyuan was 52,937
in 2001 and 22,807 in 2010. Among all health consequences, premature
deaths predominated in the value of the total DALYs, accounting for
almost 95% of the total loss. Total DALYs from air pollution revealed a
generally decreasing trend from the year 2001 to 2010.
The VOSL was 1.59 million RMB (Xu, 2013) and the annual per-
capita incomewas 16,299 RMB in 2008 (Anon, 2011c), and the logarith-
mic coefﬁcient was 2.65 [log(16,299/1.59)]. The VOSLs for the other
years were calculated based on the logarithmic coefﬁcient and the aver-
age annual income (Ashida et al., 1986). The total VOSL loss was the
product of the death toll and the VOSL (Table 5).
4. Discussion
Ambient air pollution is a severe environmental problem and also a
major public health concern in Taiyuan. Taiyuan has been the focus of
attention because of its heavy pollution, forcing the government to
intervene, which has resulted in improved air quality during the last
decade.
Our results suggest that the air quality improvement from 2001 to
2010 resulted in substantial health beneﬁts, avoiding 30,130 DALYs or
a 56.92% decrease and 3831 total loss of VOSL or a 52.68% reduction.
Reduction of premature deaths accounted for almost all of the decrease.
The substantial health beneﬁts calculated in Taiyuan should encour-
age the authorities to implement more stringent measures. In fact, the
Taiyuan government has recently adopted forceful policies in order to
cut air pollution emissions, including the designation of coal-free areas,
promotion of centralized heating, renovation of briquette dedicated
boilers, and popularization of the use of clean fuel (Table 3).
During the 11th ﬁve-year plan of Taiyuan, energy structure
adjustment was central to air pollution abatement. According to
their statistics, in 2006 the Taiyuan government demolished 1235
238 D. Tang et al. / Environment International 73 (2014) 235–242coal-ﬁred boilers, built 6 km2 coal-free areas, and renovated andmodiﬁed
almost 400 boilers to burn clean fuel (Anon, 2006c). According to govern-
ment reports, 12 industrial sources of pollution were shut down in 2005
to a cumulative 121 closures by 2012. Increasing the charge rates for
emissions is another approach that has been shown to be effective in
reducing air pollution in some regions of China (Wang, 1999, 2004).
Our ﬁndings indicate that substantial health beneﬁts could be expected
as air pollution levels are further decreased, encouraging even
more aggressive air pollution control programs in Taiyuan and in
other regions of China.
The DALYs approach has a strong methodological framework and a
ﬁrm theoretical grounding. It has beenwidely accepted by public health
experts and employed to measure the global and regional burdens of
disease (Murray and Lopez, 1997). As a summary measure of popula-
tion health, the impact of air pollution in terms of DALYs has the advan-
tage of direct comparison with the overall impact of disease in various
countries and cities, as well as with diseases from other major environ-
mental problems. As such, theWHO andWorld Bank have taken DALYs
as a standard measure of the burden of disease in the GBD study
(Lvovsky and Maddison, 2000). Employing DALYs in measuring the
health impact of air pollution instead of cost of illness or WTP ensures
the results are independent of the characteristics of the concernedTime Title Summa
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Table 3
Attributable number of cases due to PM10 in Taiyuan, 2001–2010.
Year Annual
average
concentration
(μg/m3)
Premature
death
Chronic
bronchitis
Outpatient
visit
Emergency
room visit
Hospital
admission
2001 196 4948 1786 275,292 1798 46,247
2002 177 4794 1673 253,670 1641 50,550
2003 172 4859 1659 233,060 1504 46,738
2004 175 5354 1717 244,853 1583 57,621
2005 139 4041 1400 193,584 1230 30,840
2006 142 3774 1476 201,450 1281 18,582
2007 124 3320 1229 174,484 1100 16,027
2008 94 2399 858 133,863 832 12,769
2009 106 2751 1053 178,388 1115 17,711
2010 89 2138 835 133,835 829 14,437
Table 5
Value of statistical life (VOSL) due to air pollution in Taiyuan, 2001–2010.
Year Premature
death
Per capita
income (Yuan)
(Ashida et al., 1986)
VSL
(million
Yuan)
Per capita
income
(Yuan)
Total VSL
loss (million
Yuan)
2001 4948 8033 1.45 8032.71 7273.56
2002 4794 8742 1.47 8741.55 7143.06
2003 4859 9513 1.49 9512.93 7288.50
2004 5354 10,352 1.51 10352.38 8084.54
2005 4041 11,266 1.53 11265.91 6182.73
2006 3774 12,732 1.55 12732.30 5849.70
2007 3320 15,118 1.58 15117.69 5245.60
2008 2399 16,299 1.59 16299.36 3814.41
2009 2751 16,911 1.60 16911.21 4401.60
2010 2138 18,712 1.61 18712.09 3442.18
241D. Tang et al. / Environment International 73 (2014) 235–242Aprevious studymodel indicating that the negative health impacts of
PM aremuchgreater than of other air pollutants (Ragas et al., 2011). This
suggests that maximum health gains can be realized by future policies
focusing on reducing PM emissions. Additional studies estimating
DALYs in the United States from sources of indoor air pollutants found
PM2.5 contributed heavily to annual health impacts (Logue et al., 2012).
Despite large uncertainty in the DALYs estimates, the impact of chronic
exposure to PM2.5 emitted by both indoor and outdoor sources is
signiﬁcant (Logue et al., 2012).
The limitations of our analysis should be noted. First, exposure mea-
surement error could not be excluded when the monitoring results
were averaged across various stations as the proxy for the exposure
level of general population. Second, PM2.5 is known to be amore biolog-
ically relevant and a better predictor of health outcomes than PM10, due
to the ability of ﬁne particles to penetrate deeper into the airways
(Anon, 2003c). However, as there were few routine measurements of
PM2.5, we were not able to analyze the health beneﬁts in relation to
PM2.5 in Taiyuan. Third, we selected only a few health outcomes that
could be quantitatively estimated and translated into monetary values,
as shown in Table 5 (Lvovsky andMaddison, 2000). Therefore underes-
timation was inevitable as outcomes such as restricted activity, anxiety
and depression, cancer, neurodevelopmental disorders, and cardiovas-
cular disease were not considered. Lastly, as noted, the size of the
exposed population and the crude mortality rates might vary year to
year, causing the annual effect estimates to ﬂuctuate.
As a health impact assessment, this study presents the impact of a
decade of various environmental policies that is consistentwith previous
studies conducted in China. This also conﬁrms changing health trends
from previous years as a result of pollution. Furthermore, using DALYs
from PM2.5 as a summary measure of population health parallel to
policies directly mitigating emission sources displays evidence of a
direct health and cost beneﬁt with strong public health policy
implications.Table 4
DALYs due to air pollution in Taiyuan, 2001–2010.
Year DALYs Total
DALYs
Premature
death
Chronic
bronchitis
Outpatient
visit
Emergency
room visit
Hospital
admission
2001 49,483.45 2149.42 82.59 0.54 1220.91 52,936.91
2002 47,935.40 2014.20 76.10 0.49 1334.52 51,360.72
2003 48,585.60 1996.90 69.92 0.45 1233.87 51,886.74
2004 53,539.72 2066.49 73.46 0.47 1521.20 57,201.34
2005 40,414.00 1684.60 58.08 0.37 814.18 42,971.22
2006 37,736.64 1776.65 60.43 0.38 490.58 40,064.68
2007 33,204.80 1479.27 52.35 0.33 423.12 35,159.87
2008 23,994.25 1032.27 40.16 0.25 337.10 25,404.03
2009 27,514.68 1267.45 53.52 0.33 467.57 29,303.56
2010 21,380.14 1005.25 40.15 0.25 381.15 22,806.945. Conclusion
This analysis provides evidence that air pollution abatement during
a very recent decade in Taiyuan resulted in substantial health beneﬁts to
public health. The study's ﬁndings support even greater air pollution
control in Taiyuan to meet the health-based air quality standards. Our
results are also useful for further cost–beneﬁt analyses of air pollution
management programs in Taiyuan and elsewhere.Acknowledgments
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